We report electrical and magnetoresistive properties of Ag point-probe contacts formed by attaching the bent Ag wire (∅ = 0.25 mm) to the top of the La 2/3 Sr 1/3 MnO 3 (LSMO) thin film magnetron sputtered at 800 °C on MgO(100) single crystal substrates. Significant contact magnetoresistance values (up to 13% at T = 295 K and μ 0 H = 0.73 T) have been measured for the Ag/LSMO junctions by applying a 3 point-probe method. The origin of both temperature-dependent resistance and magnetoresistance of the Ag/LSMO contacts has been explained taking into account the dominating role of spreading resistance. It was found that keeping of the films in air for 1 month as well as ultrathin overlayers (d ~ 3-5 nm) of the highly resistive multiferroic BiFeO 3 magnetron sputtered onto the manganite film resulted in a significant increase of contact resistance and reduced magnetoresistance values.
Introduction
Lanthanum manganites referred to by the general formula La 1-x A x MnO 3 (A = Ca, Sr, Ba) demonstrate a variety of interrelated structural, electrical and magnetic properties. The member compounds with x = 0.33 provide great interest due to the observed carrier-driven paramagnetic (PM) to ferromagnetic (FM) transition at the Curie temperature (T C ), the so-called "colossal" magnetoresistance (MR) and presence of spin-polarized carriers at T < T C . La 0.67 Sr 0.33 MnO 3 (LSMO) demonstrating the highest T C value (350 K) among other member compounds [1] provides increasing interest for room temperature applications. Thin LSMO films are promising for the fabrication of magnetic field sensors, nonvolatile memory devices and other spintronics devices [2] [3] [4] [5] [6] .
Heterojunctions formed between manganite thin films and typical semiconductors as Si and Nb-doped SrTiO 3 attract interest due to magnetic field-dependent rectifying I-U characteristics and photovoltaic effect [5] [6] [7] [8] [9] . Similar heterojunctions formed between conventional metals such as Ag, Au and hole-doped manganites have been investigated due mainly to the electric field-induced resistive switching phenomenon and resistive memory applications [10, 11] . However, only few data has been reported till now on interface resistance [12] [13] [14] although metallic contacts are widely used for various spintronics devices. Furthermore, up to date there is a lack of information on magnetoresistive properties of the metal/manganite junctions.
Investigation of the electrical transport across interfaces between manganite thin films and metals (Ag, Au, Nb, Pd, Al…) shows that the corresponding interface resistance referred hereafter as contact resis tance (R c ) can vary in wide ranges. It depends mainly on the chemical reactivity of metal resulting in oxygen loss at the manganite film interface and possible formation of highly resistive interlayers [13, 15] . Importance of the chemical activity of the manganite film surface with regard to air and various solvents used during processing has been pointed out additionally [14] .
Low value of contact resistivity (ρ c = R c S, here S is the contact area) of about 10 [15] . It is important to note, however, that temperature dependences of contact resistance of the device structures with patterned planar Ag and Au electrodes show distinctly different behavior when compared to the corresponding film resistance versus temperature dependences. The presence of highly resistive oxide material with reduced oxygen content occurr ing at the metal/manganite interface during processing has been pointed out to explain anomalous temperature-dependent electrical transport across the interfaces.
To estimate contact resistance of the interface formed between a conventional nonreactive metal (Ag) and LSMO thin film and to investigate magnetoresistance of the Ag/LSMO contact, here in this work we concentrated on a 3 point-probe method (see the inset to Fig. 3 ). To reduce influence of a possible interfacial layer that can be formed during processing at the metal/manganite interface [14, 15] , in this work the central electrode was formed directly by attaching the bent Ag wire onto the LSMO film. Major attention was focused to investigate the influence of temperature and applied magnetic field on both resistance and magnetoresistance of the Ag/LSMO junction and to elucidate the origin of magnetoresistance for the prepared Ag-probe contacts.
Experiments
The LSMO films were grown in situ at 800 °C on cleaved (100) faces of MgO crystal by magnetron sputtering of the disk-shaped ceramic La 0.67 Sr 0.33 MnO 3 target (∅ = 25 mm) in Ar-O 2 mixtures with the molar ratio (1:1) and partial oxygen pressure P O2 of about 15 Pa. The substrate used for film deposition was mounted in the "off-axis" position at a distance of about 50-60 mm from the target plane. Thickness of the films after 3 h deposition (measured by a DEK-TAK profilometer) varied from about 200 to 250 nm. After deposition, the films were cooled down slowly to a room temperature under oxygen gas pressure of about 5 × 10 4 Pa to ensure oxygen stoichiometry in the whole film material.
In order to modify the LSMO film surface, some part of the film was coated by ultrathin overlayers of highly resistive multiferroic BiFeO 3 compound. The BFO layers were prepared onto the LSMO films in situ at 750 °C by radio frequency (rf) magnetron sputtering of the ceramic BiFeO 3 target as it was described earlier [16] . Averaged thickness of the BFO overlayer (d ~ 3-5 nm) was estimated from the deposition duration.
A crystalline structure of the grown LSMO films was analysed by X-ray diffraction (XRD) in Θ-2Θ geometry using CuK α radiation (λ = 0.15406 nm) while their surface roughness was studied by atomic force microscopy (AFM).
Electrical resistance of the LSMO films was measured in the temperature range 80-350 K by a conventional 4-probe method using DC current I = 0.1 mA. Negative magnetoresistance of the prepared films, MR LSMO Contact resistance (R Ag/LSMO ) and the corresponding magnetoresistance of the Ag/LSMO contacts (MR Ag/LSMO ) were measured by applying a 3 pointprobe method, i. e. by passing current I ≤ 1 mA between contacts 1 and 2 and measuring voltage between 2 and 3 as shown in the inset to Fig. 3 .
The bent Ag wire probe with a diameter of 0.25 mm pressed mechanically to the manganite film surface was used as a testing electrode. The Ag probe was fixed to a special strip limiting probe motion along one direction (perpendicularly to the film plane). A special design of a sample/probe holder has been elaborated either to vary the applied pressing force F gradually in the range 0-2.0 N or to keep it fixed during long time independently on the temperature and the applied magnetic field.
The Ag/LSMO contacts formed on the top surface of just prepared LSMO film, a similar film kept after deposition during 1 month in air atmosphere and that buffered by an ultrathin highly resistive BiFeO 3 (BFO) overlayer were investigated for a comparison.
Characterization of the La 0.67 Sr 0.33 MnO 3 films
The Θ-2Θ X-ray diffraction scan of the LSMO/ MgO(100) film formed at 800 °C is displayed in Fig. 1 . Clearly defined XRD lines of the (00l) family (l = 1, 2,…) seen in the figure certify the growth of single phase highly textured material with [100]-axis aligned normal to the film plane. The off-plane lattice constant of a pseudocubic unit cell, a LSMO = 0.3885 nm, has been estimated for the LSMO film in good accordance to recently published data [11, 17] . A typical AFM surface image of the LSMO film is displayed in Fig. 2 . The averaged surface roughness of about 5.5 nm has been estimated for the prepared LSMO/MgO film. a 3-probe method with load force, F, increasing and decreasing gradually in the range 0-1.5 N. Before the measurements, the load force of 1.5 N was applied to the Ag probe contact and kept during 1 h to achieve long-term stability of the contact. Following Fig. 3 , one can notice a sharp drop of the measured R Ag/LSMO values with load force increasing in the range 0-0.2 N, gradual decrease of R Ag/LSMO values with following F increase up to about 1.2 N and negligible interface resistance variation for F = (1.2-1.5) N. It is worth noting that electrical behaviour of the Ag probe contacts is unstable at the lowest load force values (F < 0.2 N). The observed gradual contact resistance decrease with F increasing in the intermediate region may be associated with a certain increase of the active contact area due, probably, to elastic deformation either of the Ag-probe electrode or the LSMO film.
The most stable electrical properties of the Ag probe contacts with linear current-voltage relations and reproducible contact resistance measurements have been realised in this work by applying F = (1.2-1.5) N. All following measurements of both contact resistance and magnetoresistance have been performed in this work at the fixed load force F ≅ 1.5 N. Contact resistance of the as-prepared Ag-probe contacts varied statistically within about ±15% from the average value by changing the position of the contact on the film surface. The average diameter of the contact of about 3-5 μm has been estimated in this work following the observed AFM image of a track with a slightly damaged film surface caused by the Ag probe (F = 1.5 N) moving along the film.
In Fig. 4(a) we show the resistance of the LSMO film, R LSMO , and the contact resistance, R Ag/LSMO , both measured in the absence of magnetic field (solid lines) and at magnetic field (μ 0 H // = 0.73 T) directed parallel to the film surface (dotted lines). The R LSMO and R Ag/LSMO versus temperature plots displayed in Fig. 4(a) are normalized to the corresponding maximal zero field resistance values for a comparison.
The observed decrease of film resistance (by a factor of 30) with T decreasing from T p down to 80 K is characteristic of high crystalline quality (epitaxial) LSMO films exhibiting the characteristic paramagnetic to ferromagnetic (PM-FM) transition at T ≈ T p . A shift of T p values to lower temperatures for LSMO and other manganite films is usually associated with lowered carrier density in the film material. From this point of view it is important to note similar resistance peak temperatures (at T ≅ 315 K) seen in Fig. 4(a) from the R Ag/LSMO (T) and R LSMO (T) plots and a gradual decrease of both R LSMO and R Ag/LSMO values with T decreasing from the characteristic resistance peak temperature T p . Thus, in contrast to earlier observations [14, 15] , one can conclude that carrier density in the vicinity of the 
Results of electrical measurements and discussion
In order to get the most reproducible results and to avoid possible probe-induced damage of the manganite film surface and to find an optimal load force for the Ag probe, series of contact resistance measurements were performed by a 3 point-probe method. Figure 3 shows a typical variation of contact resistance (R Ag/LSMO ) measured at T = 295 K by applying Ag/LSMO interface (being responsible for contact resistance) is similar to that in the film (far from the interface). Nevertheless, following Fig. 4(a) we note a reduced decrease of contact resistance (by a factor of about 12) with T lowering from T p down to 80 K in comparison to variation of R LSMO (T) (by a factor of about 30) in the same temperature range. This difference may be associated with a certain influence of a possible ultrathin surface layer with reduced carried density and increased resistivity at low temperatures existing naturally on manganite films [18] .
Magnetoresistance versus temperature measured for the LSMO film (MR LSMO ) and for the Ag/LSMO contact (MR Ag/LSMO ) at magnetic field μ 0 H || = 0.73 T directed parallel to the film plane are displayed in Fig. 4(b) . A slightly lower maximal value of contact magnetoresistance, MR Ag/LSMO , of about 13% compared to the maximal film magnetoresistance (~15%) may be a result of a possible ultrathin surface layer with lowered carrier density and reduced magnetic properties that is a common feature of most manganite films. Rather low MR LSMO and MR Ag/LSMO values seen from Fig. 4(b) at T < 100 K certify a negligible role of intergrain boundaries on both magnetoresistance of the film and that of the Ag/LSMO junction.
To better understand formation of an electrical contact between the Ag probe electrode and the LSMO film and to reveal the origin of contact magnetoresistance, three kinds of Ag/LSMO contacts were investigated for a comparison. The first group of contacts was formed on the top surface of just prepared LSMO film, the second group was formed on a similar film kept after deposition during 1 month in air atmosphere and the third group of contacts was formed on the LSMO film buffered just after preparation by an ultrathin highly resistive BiFeO 3 (BFO) overlayer with a thickness of about 3-5 nm. Typical contact resistance values measured at room temperature for the contacts on just prepared LSMO films ranged from about 90 to 120 Ω while slightly higher R Ag/LSMO values (up to about 200 Ω) have been measured for a similar contact formed on the same film kept after deposition in air atmosphere during 1 month. No changes in film resistance (R LSMO ) and in the corresponding resistance peak temperature (T p ) values have been indicated either due to keeping of the films in air during 1 month or sputtering of the BFO overlayers.
In Fig. 5(a, b) we show the junction resistance of various point-like Ag contacts measured at T = 295 K as a function of magnetic field directed parallel (H || ) and normal (H ┴ ) to the film plane, respectively. All the dependences displayed in Fig. 5(a, b) are normalized to the corresponding zero field values for a comparison.
All the prepared Ag/LSMO junctions demonstrated reduced contact resistance variation with magnetic field (see curves 2, 2' and 3 in Fig. 5(a, b) ) compared to that of the LSMO film (curves 1). It can be seen from Fig. 5(a, b) that the LSMO film kept for a long time in air atmosphere demonstrates slightly lowered contact magnetoresistance (curves 2') compared to similar contacts formed onto just prepared LSMO film (see curves 2) while the presence of an ultrathin BFO overlayer resulted in a significantly reduced contact magnetoresistance (curves 3).
Nonlinear R LSMO (H) and R Ag/LSMO (H) dependences and their significant anisotropy at low magnetic fields (μ 0 H || , μ 0 H ┴ < 0.2 T) (see the corresponding plots in Figs. 5(a, b) ) can be explained within a common model taking into account importance of internal magnetic field (magnetisation) on both film resistance and contact resistance and assuming different magnetisation conditions with H applying parallel and perpendicular to the film plane. Certainly, an easy magnetization axis of the ferromagnetic film including manganites is usually parallel to the film plane [19] . Figure 6 shows a clear correlation between sets of contact resistance and contact magnetoresistance values (μ 0 H || = 0.73 T) measured at T = 295 K for three kinds (Ag/LSMO, Ag/LSMO * and Ag/BFO/LSMO) of contacts. The junctions corresponding to each group have been formed under identical conditions at different locations of the same films.
A relatively small variation of both junction resistance and magnetoresistance values has been indicated for the contacts formed on the LSMO film just after film preparation. Keeping the samples in ambient air for 1 month resulted in a slight increase of R c and decrease of MR c values due, probably, to an additional loss of oxygen from the LSMO surface and development of a highly resistive surface layer. At the same time, the presence of a highly resistive ultrathin BFO layer resulted in a significant increase of contact resis tance and decrease of contact magnetoresistance values. Variation of both R c and MR c values in the last case can be explained assuming a possible nonuniform thickness of the highly resistive overlying BFO film being of key importance for tunnelling of carriers via the ultrathin BFO interlayer.
We are turning now to discuss the origin of magnetoresistance of the contact formed between the Ag wire probe and the LSMO film. It can be seen from ) in manganite we avoid importance of possible Schottky barrier formation on both resistance and magnetoresistance of the Ag/LSMO junction. Taking into account relatively large contact resistance values (R c ~100 Ω) in the case of a small interface area, we stress importance of spreading resistance (R spr ) [20] for both resistance and magnetoresistance of the Ag/LSMO contacts.
The spreading resistance is known to arise from spreading of current flow lines from a metallic 
where l * = πa/4 is the effective current-carrying channel length.
Relatively low R spr values (of about 1-2 Ω) can be estimated from Eq. (1) for a round Ag probe with a diameter of 3-5 μm when formed on a bulk LSMO crystal. However, one can expect that R spr values should be significantly higher for similar contacts formed on thin films with the thickness d << a. Certainly, in the case of the contact formed on a thin film, spreading resistance arises from sharp bending of current lines in the vicinity of the top electrode (see inset in Fig. 6 ) and the effective cross section of the material current flow lines concentrated below the contact should be limited by film thickness. Further, taking into account a relatively rough LSMO surface (see AFM image in Fig. 2 ) one can expect that current lines crossing the interface may be distributed nonuniformly. So R spr could be increased additionally taking into account a reduced effective area of the interface.
Taking into account the dominating role of spreading resistance for the Ag/LSMO probe contacts demonstrating the lowest contact resistance and the highest magnetoresistance values as well a clear correlation between R c and MR c values for the contacts formed on the LSMO films kept for a long time in ambient air and those buffered by highly resistive BFO overlayers, we further assume that in a general case contact resistance for small area contacts might be considered consisting of two parts according to Eq. (2):
where R spr (H) is magnetic field-dependent spreading resistance that is a common feature of small interface area electrodes [20] and R i is temperature-dependent additional resistance that can be related either to a possible highly resistive surface layer (with reduced oxygen content, lowered carrier density and reduced magnetic order parameter [18] ) or an additionally evaporated overlying film of nonmagnetic material. Summarizing, we conclude that the contact resistance (R Ag/LSMO ) and magnetoresistance (MR Ag/LSMO ) of the point-like contact formed by attaching the Ag wire to the LSMO film surface have been measured in a wide temperature range (T = 350-80 K) by applying a 3 point-probe method. The highest magnetoresistance values of the Ag/LSMO interface up to 13% (at T = 295 K) have been measured by applying magnetic field (μ 0 H = 0.73 T) parallel to the film surface.
It was found in this work that highly resistive surface layers appearing on the LSMO film surface due either to long-term exposition of the films in air or evaporation of highly resistive ultrathin BFO overlayers result in the increase of contacts resistance, R Ag/LSMO , while magnetoresistive properties of the contacts are defined mainly by spreading resistance.
